The migration and accumulation of magma beneath volcanoes often causes surface displacements that can be measured by geodetic techniques. Usually, deformation signals are explained using models with uniform mechanical properties. In this paper, we study surface displacements due to magma chamber inflation, using heterogeneous finite element models. We first present a systematic analysis of the influence of mechanical layering, showing that the stiffness contrast significantly affects the entity and the pattern of vertical and radial displacements. Second, as an example we apply the models to interpret ground displacements at Darwin volcano (Galápagos Islands) as revealed by InSAR data in the period 1992-1998. The considered models suggest that geodetic data interpreted using homogeneous models leads to underestimation of the source depth and volume change. Thus, we propose correction factors for the source parameters estimated by homogeneous models, in order to consider a range of variation due to mechanical layering as analysed in this study. The effect of the mechanical heterogeneities affects the correct understanding of geodetic data and also influences the evaluation of a volcanic hazard potential.
I N T RO D U C T I O N
Studying the amount and pattern of surface deformation on volcanoes allows us to locate magma intrusions and to estimate the geometry and volume change of magma bodies (Dzurisin 2006 and references therein). The spatial and temporal accuracy of geodetic techniques has increased significantly in recent years, as has the evaluation of the source of deformation in quantitative models (Jónsson et al. 1999; Amelung et al. 2000; Pritchard & Simons 2004; Yun et al. 2006 ). Yet, most of the modelling attempts make use of simplified analytic solutions, for instance, considering a point source in an isotropic elastic half-space (Mogi 1958) . Such a first order solution is still considered a fast and adequate way to analyse surface deformations due to magma intrusions (Dzurisin 2006) . However, volcanoes are mechanically heterogeneous and layered, which affects magma propagation, associated stress field and also surface deformation (Gudmundsson 2006 and references therein) . For example, a succession of thin subhorizontal layers with different mechanical properties is common in basaltic volcanoes, as a result of alternating pyroclastic, effusive and erosive activity (Fig. 1) . Laboratory measurements show that basaltic materials have values of the Young's modulus (E) between 10 and 100 GPa, whereas pyroclastic and sedimentary rocks commonly have values of 1-10 GPa or even less (Goodman 1989; Bell 2000) . This implies that volcanoes are formed by piles of layers with a contrast of the Young's modulus of 1-2 orders of magnitude. The effect of the mechanical properties on distribution and entity of stress and strain has thus been the subject of intense scientific debates. For instance, Savage (1987) inverted surface deformation data to obtain slip distribution on a vertical strike-slip fault, comparing layered models with homogeneous models, concluding that the effects of material properties could be important only for inversions with high spatial resolution. Roth (1993) studied deformations in a layered crust, emphasizing the effect of a soft material on the surface displacement field. Du et al. (1997) studied geodetic data collected before and after the 1989 south Kilauea earthquake (Hawaii) and concluded that material heterogeneities could cause an underestimation of the earthquake source depth and an overestimation of the seismic moment. However, using the same model setup, Hooper et al. (2002) reconciled seismic and geodetic models of the same case-study, showing that mechanical heterogeneities do not have as great an influence. Cattin et al. (1999) studied the influence of a superficial layer overlaying a half-space, explaining the effect of mechanical contrast on the estimation of fault depth. Rivalta et al. (2002) propose analytical solutions for edge dislocation in a layered medium, concluding that stress and displacement fields change significantly in the presence of discontinuities of the elastic parameters. Gudmundsson & Loetveit (2005) showed that mechanical layering influences or even controls emplacement of dykes in rift zones.
In the following study, we present systematic tests that will help to understand the influence of layered materials on the surface deformation process during volcano inflation. Then, we apply these models to Darwin volcano (Galápagos Islands), which was continuously inflating during the period 1992 -1998 (Amelung et al. 2000 .
M O D E L L I N G

Method and setup
We use the commercial code Abaqus version 6.5 (HKS Inc., available at http://www.hks.com) to construct finite element (FE) models (Fig. 2) . We consider an axisymmetric geometry, 80 km long in the radial, r, direction and 100 km in the vertical, z, downward direction. The mesh is finer in the upper part of the model to obtain accurate results of surface deformation (Zienkiewicz 1989; Fagan 1992) . As loading conditions we assume a volume change ( V ) of a small finite spherical source (radius a = 0.1 km) at depth, hereafter referred to as the magma chamber. As boundary conditions we assume zero normal strains at the right bound and at the bottom of the model. To validate our numerical solutions, the results of the models performed in a homogeneous medium are compared to Mogi's analytical model (Mogi 1958) , whereas convergence tests were performed for the heterogeneous models. Results of the simulations are presented in the form of vertical (Uz) and radial (Ur) displacements, against the radial distance from the source. If not otherwise specified, displacements are normalized by the maximum vertical displacement of the homogeneous solution (Uz/Uz max ), whereas radial distances are normalized by the magma chamber depth (r/d). 
Homogeneous models
For the homogeneous model (H), we assume a Young's modulus of 50 GPa in the whole domain and a Poisson's ratio of 0.25, that is, typical laboratory values for basaltic material (Goodman 1989; Bell 2000) . Inflation of the magma chamber at depth causes a vertical and radial displacement of the surface. Fig. 3 shows that the homogeneous FE model agrees with the displacements predicted by Mogi analytical solution, confirming the reliability of our mesh and boundary conditions.
Heterogeneous models: effect of one layer above the homogeneous half-space
We now introduce mechanical heterogeneities in the FE models. First, we divide the models into an upper part (U) and a lower part (L) ( . Multilayered heterogeneous models. Scheme used to study the effect of mechanical layering. At step 1 we divide the model into an upper part U and a lower part L. The inflating magma chamber is embedded in the homogeneous part L at depth d from the surface and d' from the layered part U. Further layering is introduced in part U. At each subsequent step, we increase the number of layers in the part U while decreasing their thickness. We keep the same alternation scheme ('stiff-soft', stiff material at the surface) and also consider the opposite alternation scheme ('soft-stiff', soft material at the surface). part U is stiffer than part L (E U > E L ), our models predict smaller vertical and radial maximum displacements than the homogeneous model. In both cases, the vertical surface deformations are affected most directly above the source, whereas radial displacements are affected even at larger distance.
Heterogeneous models: effect of the number of layers
We used the above described models, but consider a larger number of layers in the part U. We introduced two layers with the same thickness, layer 'stiff' and layer "soft" (Fig. 4, step 2) . We reproduced the model in several steps, at each step increasing the number of layers "stiff" and "soft" in the part U (Fig. 4 , step 3 to n), that is, decreasing their thickness. Within these steps we maintain the alternation scheme ('stiff-soft', stiff material at the surface) but also consider the opposite contrast scheme ('soft-stiff', soft material at Notes: The models considered in this study are shown in the first column.
Model (H) is homogeneous; models A-D are heterogeneous. In the other columns are shown the Young's modulus values for the different parts of the models, respectively part U, tailed in stiff layers (column 2) and soft layers (column 3) and part L (column 4). See text for details.
the surface). We performed these steps for different magma chamber depths and for different mechanical contrasts (Table 1) , and compared the results with the homogeneous model H. Since all the tests yielded comparable results, here we show those of model A for a magma chamber depth of 3.5 km for simplicity (Fig. 6 ). Mechanical layering amplifies the amount of maximum Uz by more than 100 per cent. Radial displacements are less affected in amplitude, but we note that in the layered models the location of maximum displacement is shifted closer to the source centre. We find that for more than 20-layers, similar results are yielded in terms of both Ur and Uz. Small differences between 'stiff-soft' and 'soft-stiff' are related to local effects of the last layer close to the source and first layer at the free surface. The root mean square (rms) of the total surface displacements shows that Uz and Ur remain constant when 20 or more layers are considered. As illustrated in Fig. 7 , this is the case for various magma chamber depths and contrast schemes.
Heterogeneous models: effect of the mechanical contrast
The differences in displacements revealed by the previous simulations might be related (1) to the change of the average Young's modulus E Av , where the E Av is the mean of the moduli considered in part U calculated using the formula change of the mechanical contrast between layers 'stiff' and 'soft'. However, as shown in Fig. 8 , the displacements Uz and Ur may differ even if E Av is the same pattern. This implies that the contrast between the layers is controlling the amount of displacements at the surface. In the following section we will apply the layered models to study the source parameter of an inflating volcano on the Galápagos Islands.
A P P L I C AT I O N T O D A RW I N V O L C A N O
Surface deformation on the Galápagos Islands
The Galápagos archipelago is a volcanic hot-spot located 1000 km west of Ecuador. The youngest and most active volcanoes are located on Isabela and Fernandina Islands, with about 60 reported eruptions since the early 1800 s (Simkin & Siebert 1994) (Fig. 9) . These basaltic islands are characterized by flanks gently sloping and large summit calderas (McBirney 1969; Geist et al. 1994; Munro & Rowland 1996) . The volcanoes' activity has recently been studied by measurements of surface displacements using space-based geodetic techniques (GPS and InSAR) (Jónsson et al. 1999 (Jónsson et al. , 2005 Amelung et al. 2000; Rowland et al. 2003; Geist et al. 2006; Yun et al. 2006) . Most of the Isabela and Fernandina calderas have been actively deforming since 1992, as shown by Amelung et al. (2000) . In their study, an uplift of about 20 cm line-of-sight (LOS) was revealed at Darwin volcano in the period 1992-1998. Because the pattern of the ground displacements was near-radial symmetric, a Mogi point source embedded in a homogeneous half-space was used to estimate the depth and the volume change of the magma chamber. Using this simplified model, the best-fitting solution suggests an inflation source in the centre of the caldera at 2.7 km depth and a volume change of 5.8 × 10 6 m 3 . The following section shows that consideration of material heterogeneity may largely affect this interpretation.
Darwin volcano heterogeneous models
Displacements predicted by the heterogeneous models (models A, B, C and D) are compared with these predicted by the homogeneous model H. We performed a linear inversion of the volume change and assume as magma chamber depths values between 2 and 5 km, which are in agreement with the depth range of the level of neutral buoyancy of magmas in basaltic volcanoes (Ryan 1988) . In comparing the models to the observed data, we define a section a-a , which is chosen parallel to the looking angle of the satellite (see Fig. 10 ). The location and volume of the magma chamber are constrained by the maximum displacement in the section a-a . Since our FE model is radial symmetric, we first select the best-fitting models along a northwest-southeast section a-a and generate synthetic interferograms by sweeping the results along 360
• . All simulated mechanical setups show reasonably good fits of the displacement signal. However, the depth of the source predicted by heterogeneous models (see Table 2 ) differs by up to 1.5 km (model H = 2.7 km, whereas model C = 4.25 km). Model A and D, both of which predict the source at 3.75 km depth, show the best agreement with the observed data in the inner part of the caldera. In those models, consideration of an increase of the Young's modulus with depth (see also Du et al. (1997) ; Okubo et al. 1997; Hooper et al. 2002) is affecting the volume change, although the magma chamber depth may remain the same. Moreover, we note that the change in volume predicted by heterogeneous models is generally larger than that of the homogeneous model (model H = 5.8 × 10 6 m 3 ; model A = 5.98 × 10 6 m 3 ; model B = 7.74 × 10 6 m 3 ; model C = 7.14 × 10 6 m 3 and model D = 4.93 × 10 6 m 3 ). This example from the Darwin volcano shows that both estimation of the source depth and volume change increase if a mechanical layering is considered.
D I S C U S S I O N
We studied surface deformation due to magma intrusions using layered heterogeneous FE models. Systematic tests suggest that we do not have to consider all the layers as we observe in nature, and that depth and volume changes of inflating magma bodies are different if calculated in layered heterogeneous models.
Influence of the layering on displacement field
It is common in basaltic volcanoes to find a succession of thin subhorizontal layers, often with alternating mechanical properties. Considering a basaltic volcano made up by a pile of 5-m thick lava flows overlaying a magma chamber at 5 km depth, would mean that we have to consider 1000 layers. In our simulations, however, after the value of 20-layers (which corresponds to a layer thickness of 90-240 m for source depths between 2 and 5 km), displacements are only slightly affected by a further increase of the number of layers, independently on the considered source depth. Therefore, we chose 20-layers to approximate Darwin volcano heterogeneous models.
Implications for Darwin volcano source parameters
We studied the uplift revealed at Darwin volcano, yielding within the caldera basin to good agreement between data and layered FE models. However, a slight misfit on the caldera rims can still be observed. This misfit could be due to a more complex shape of the magma body, due to topographic or atmospheric effects, due to other material heterogeneities or also due to ring fault dislocation. The mechanical layering affects the depth of the source and also its volume change (model B and C) . This implies that models based on the assumption of homogeneity cannot be used for quantitative determination of the source parameters. To overcome this problem we may introduce correction factors (k d for the depth and k v , for the volume change, see Table 2 ), to adjust the source parameters estimated in homogeneous models and discuss their variations due to heterogeneous mechanical setups as used in this study. Because the magma chamber depth determined through homogeneous half-space models is underestimated, a depth correction factor k d generally larger than 1 is considered for models herein. This is also in agreement with the results of other authors studying fault dislocation in layered media (e.g. Roth (1993) , Du et al. (1997) , Cattin et al. (1999) and Rivalta et al. (2002) ). The trend for the volume change is variable, thus k v may be larger or smaller than 1. In summary, in order for the considered models herein to interpret ground uplift at Darwin volcano, k d varies between 1.2 and 1.57, whereas k v between 0.85 and 1.33.
Validation and limitations of the models
Although we use heterogeneous FE models, a number of simplifications were necessary. We considered a spherical source of 0.1 km radius, which is only a first order approximation for a real magma chamber. The effect of larger finite spherical sources was studied in homogeneous models by Mc Tigue (1987) , showing that the surface uplift is controlled by the ratio of radius to the depth, so that ε = a/d. Point source and finite sources accordingly achieve similar surface displacements as long as ε < 1/3, whereas for ε > 1/3 the point source tend to underestimate the source depth (Dietrich et al. 1975; McTigue 1987) . In layered models a similar limitation has to be considered also for the distance d between the source and layers of part U, so that ε = a/d . In the herein presented 20-layered models, we achieve very similar results (differences less than 1 per cent) when considering the 'stiff-soft' and 'soft-stiff' configurations (see Figs 6 and 7), where 0.5 < ε < 0.22. This small difference, however, might also be related to the effect of the first layer at the free surface. Thus, our estimation of Darwin volcano source parameters in layered models is constrained by the herein assumed geometry. This means that if we would consider a bigger source (e.g. a = 1 km) the differences between the depth estimated in Amelung et al. (2000) and our results would be larger. Furthermore, consideration of more realistic non-spherical shapes of a magma chamber may also affect the stress and displacement field as shown previously by other authors (e.g. Yang et al. 1988; Fialko et al. 2001; Gudmundsson 2006) . We hence assume that layering affects the correct assessment of these bigger and more complex magma chamber sources as well. In our models, we neglect time dependent and anelastic behaviour around the magma chamber, which can further influence the surface displacement (Newman et al. 2006) . Furthermore, we consider simple horizontal layers, with the same thickness and alternating mechanical properties, as a reasonable approximation only for very flat basaltic volcanoes. Vertical anisotropies (e.g. dykes or faults), dipping layers or otherwise weak contacts between layers may affect the symmetry of stress changes and may likewise lead to asymmetric ground displacement patterns (Gudmundsson 2006) . This means that complex deformation patterns may be a consequence of complex material heterogeneities. Additionally, hydrothermal systems may alter the values of mechanical strength of the rocks, causing local stiffness variations as large as two orders of magnitude (Watters et al. 2000) . The largest limitation of more realistic heterogeneous models is, however, that hardly any in situ data resolving mechanical contrasts on active volcanoes are available. The few laboratory measurements available resulted from using small-scale samples, and not representative for kilometre-scale natural mechanisms. However, we point out that variation of stiffness contrasts in simple configurations can influence the estimation of source parameters, which is crucial not only for the correct interpretation of geodetic data, but also for the correct evaluation of a volcanic crisis. For example, an underestimation of the source volume change and depth could mislead the calculation of magma accumulation and ascent rates.
C O N C L U S I O N S
We performed systematic tests to understand the influence of mechanical layering in surface deformation studies. We applied our models to interpret the ground uplift revealed by InSAR data at Darwin volcano during 1992 Darwin volcano during -1998 In summary, our models of magma chamber inflation show that mechanical layering affects the pattern and the magnitude of ground deformation. Within our modelling assumptions, for flat basaltic volcanoes consideration of at least 20-layers geometry appears to provide a reliable prediction of the displacement field at the surface. Furthermore, this study shows that the magma chamber depth and volume change could be underestimated by homogeneous models. In a non-layered homogeneous model of Darwin volcano, the depth and volume change of the magma chamber are at d = 2.7 km and V = 5.8 × 10 6 m 3 (Amelung et al. 2000) , compared to the magma chamber depth variation between 3.25 < d < 4.25 km, and magma chamber volume change 4.93 < V < 7.74 × 10 6 m 3 in our layered heterogeneous models.
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